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1. Executive Summary 


In order to meet NASA s requirements for the rapid development and validation of future 
generation electronic devices as well as associated materials and processes, enabling technologies 
ion the processing of semiconductor materials arising from understanding etch chemistries are 
being developed through a research collaboration between Stanford University and NASA-Ames 
Research Center, 

Although a great deal of laboratory-scale research has been performed on many of materials 
processing plasmas, little is known about the gas-phase and surface chemical reactions that are 
critical in many etch and deposition processes, and how these reactions are influenced by the 
variation in operating conditions. In addition, many plasma-based processes suffer from stability 
and reliability problems leading to a compromise in performance and a potentially increased cost 
for the semiconductor manufacturing industry. Such a lack of understanding has hindered the 
development of process models that can aid in the scaling and improvement of plasma etch and 
deposition systems. 

The research described involves the study of plasmas used in semiconductor processes. An 
inductively coupled plasma (ICP) source in place of the standard upper electrode assembly of the 
Gaseous Electronics Conference (GEC) radio-frequency (RF) Reference Cell is used to 
investigate the discharge characteristics and chemistries. This ICP source generates plasmas with 
higher electron densities (~ lOWcm 3 ) and lower operating pressures (~ 7 mTorr) than obtainable 
with the original pai al le 1 -plate version of the GEC Cell. This expanded operating regime is more 
relevant to new generations of industrial plasma systems being used by the microelectronics 
industry. 

The motivation for this study is to develop an understanding of the physical phenomena 
involved in plasma processing and to measure much needed fundamental parameters, such as gas- 
phase and surface reaction rates, species concentration, temperature, ion energy distribution, and 
election number density. A wide variety of diagnostic techniques are under development through 
this consortium grant to measure these parameters, including molecular beam mass spectrometry 
(MBMS). Fourier transform infrared (FTIR) spectroscopy, broadband ultraviolet (UV) absorption 
spectroscopy, a compensated Langmuir probe. Additional diagnostics, such as microwave 
interferometry and microwave absorption for measurements of plasma density and radical 
concentrations are also planned. 

In this repoit, details of the GEC discharge cell setup and each diagnostic technique 
fabricated during the grai\t period are described. A description of the GEC Cell facility is 
presented in Section 2. The facility includes a basic GEC Reference Cell vacuum chamber, 
mechanical and turbomolecular pumps, matching networks, and RF power supplies. Section 3 
presents the setup for mass spectrometry. Detailed descriptions for FTIR and UV absorption 
measurements are presented in Sections 4 and 5. The design of a compensating Langmuir probe 
and data analysis method are discussed in Section 6. 
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2. GEC RF Reference Cell 


A schematic of the GEC Cell facility is shown in Figure 1. The entire GEC Cell, including 
main chamber, manifold, and ports, are constructed of stainless-steel ultrahigh vacuum 
components. Eight ports (two 8" ports, two 6" ports, and four 2.75" ports) are arranged around 

t e mid-plane of the GEC Cell to provide easy access for diagnostic measurements and 
instrument installations. 


/i S K°^ Ce ^f^o are ,« Up ? ' ed thr0Ugh the 6 " P ort ’ and P um Ped out by a rotary vane pump 
(Leybold D40BCS. 40 m /h) which is connected to the symmetric pumping manifold at the 
bottom of the GEC Cell. A roots vacuum pump (Leybold WS 251) is also - used to shift the 
operating pressure into the high vacuum range and to increase the pumping speed A 
turbomolecu'ar pump (Pfeiffer TPU 270, 270 liter/s), backed up by a mechanical pump (Leybold 

, .5 m /h) is installed directly to one of the 6" ports and base pressures near 1 5 x 10® 

Torr are achieved. 


The inductive coil is a five-turn, approximately 3.5” in diameter, planar coil constructed from 
8 diameter copper tubing. The coil is separated from the plasma by a quartz window (0.375” 
in thickness and 5” in diameter). The coil is powered by a 13.56 MHz RF power supply 
(Advanced Energy RFXII 1250) and a matching network (Lam Research Corporation) consisting 
of two a.r-d.electnc variable capacitors, is mounted directly to the coil to minimize resistive 
losses. A plane. 10 cm in diameter, stainless steel lower-electrode is biased by a 13.56 MHz RF 
power supply (Comdel CPS 1001S) and an impedance matching network (Comdel CPMX-7500) 
Both matching networks are tuned for minimum reflected power for each plasma condition by 
either manual or automatic control. The reflected power is always in the range of 0 - 4 W A 
high voltage probe (TEKTRONIX P6015A) monitors the coil voltage and a Hall probe (Pearson 
3673) monitors the coil current. The lower electrode voltage and root-mean square discharge 
? IS ° monitored vvith a wltage probe (Tektronix P5I00) and a Hall probe (Pearson 
8 /8). Voltage and current are recorded using two-channel digital oscilloscopes (Tektronix TDS 

14” Und 2440) ' The distance between tlie quartz window and lower electrode is approximately 


™ e / as n ° w rates are ke Pt constant by using mass flow controllers (Tylan General FC- 
2900M for Ar and DFC-2900M for CHF, and CF 4 ). The pressure is monitored with an ion gauge 
and a Baratron absolute pressure gauge (MKS 122 B). An exhaust throttle valve (MKS 253 B) 
'r^JA '" staPed betvveen the GEC Cell and the mechanical pump controls the gas flow out of 
, C . '• The P ressure in the GEC Cell is controlled by a personal computer using the 

LabVIEW programming software. x 


3. Mass Spectrometry 


A mass spectrometer is an apparatus, w'hich produces a beam of gaseous ions from a sample, 
sorts out the resulting mixture of ions according to their mass-to-charge ratios, and provides 
output signals, which are measures of the relative abundance of each ionic species present in the 
chamber sampled. System interpretation of the mass and energy spectra provides a detailed 
picture of the complex ionization and chemical processes in plasmas, and the interaction of the 
plasmas with surfaces/electrodes. In reactive plasmas, ion bombardment of a surface during the 
processing of semiconductor materials plays a major role in depositing materials and also etching 
the tine features in device integration. Consequently, determination of the energies and identity 
of each ionic species is critical to develop new tools that can provide layer-by-layer control of the 
removal and addition of materials of nanometer dimensions. 


The mass spectrometer is embedded in the lower (independently biased) electrode as shown 
in igure 1. The Hiden EQP (Electrostatic Quadrupole Plasma) analyzer employed in this study 



designed as a diagnosti^ tooffor plail^o^sSIs anal ^ “m qUadrupo,e mass spectrometer 
appearance potential profiles can be acauired »lln ■ ^ ’ ysis * , Mass s P ectra * energy spectra, and 

ions, radicals, and neutrals. ^ ' VVmg delai,ed analysis of positive ions, negative 

The EQP probe comprises the following items: 

An ion extraction system. 

An aly zex) "of ne u t ra I s^and^ radicals ^ ' The° n * mpaC * ion source for (Residual Gas 
a cover tube which has a small sumolin^" e .p traCt ° r and ,on source are protected by 
for ion and gas inlet ThT i ,f / C ° n " eCt,ng to the plasma chamber 

turbomolecular pump.' The ion so^rce is^t ‘° ? eratin ^ pressures by its own 
orifice for efficient analysis of neutrals and radicals' “ P ° SS ' b,e ‘° ** Samp,i " g 
* A 45 electrostatic field energy filter for energy analysis 

I A d^ Ct 'The q d d f rUP ° le maSS f " ter f ° r «charge ratio analysis 

which countsThe numStrof ions '°" k C ° Unting SEM Secondary Electron Multiplier) 
a low background coun rate and^ n ‘oUT * giVeS high “"^vitywith 

applied across the detector ^ atl °"’ * h ' gh VO,,age of 15 to 3-0 kV is 

HQP A system. C iTiT^rroui^^ shidd^nd "V mech ^ ^ ‘he 

The lower electrode is water-cooledto prevent rh,- n Ca ° ^ ei . ther r f-P°wered or grounded, 
limited to approximately 5 x I() 6 Torr. P pressure rise in the EQP system, which is 

pure argon plasmas. ThemL^ preliminary studies have been performed on 

pressures and incident power levels are shown Tn r f argon plasmas for a range of 
increases with operating pressure and incident n'l ' gUre _ >^ e residts indicate that ion flux 

performed at other laboratories. Figure 1 shows the^me agre !. ment vvith P^vious studies 
Ar ions in argon plasmas for nre^.w-c ' hovvs the measured ion flux distributions (IFDs) for 

W. The magnitude^™!, Si ^TcS toTe ° ^ ‘° 5 ° mTo,T f °' 100 " ™ 

2- The IFDs exhibit the relatively nano^ne v l ,0 " ‘T" 1 denSitieS shown in F '^ 
contrast to IFDs measured in capacitively cw^XST^^Si which is in 

plasmas show a continuum of ion energies extendin <fdo , he FDs m ca P acitl v ely coupled 
the variation in the mean ion energy" as a function ofn to near zero energy. Figure 4 shows 
incident powers. The mean ion energies exhibit verv s^mnlT g P 7 SUre f ° r three different 
mean ion energies are nearly independent of incident power. 2 PreSSUfe de P endenc e- however, the 


4. Fourier Transform Infrared Spectroscopy 


chemical vapor deposition (CVD) "reactor has become^ , T" ° f gas ' pha se species in the 
and optimization of manufacturable CVD C ? t,c . al component in the development 

Scientifically, such studies are required to^tablish^h 65 . sc.entifically and industrially, 
phase evolution and their effects on nremrc i C under *y ,n S mechanisms of reactant gas- 
emerging manufacturable processes require accumte 0 " 1 ^ 1110 " ^ fi,m formation - Industrially, 
of the gas-phase evolution of reaSanTs in fl CVn n ° mntrus ' ve tools for in situ monitoring 
optimal film quality. D reactor and providing critical adjustments for 

= 1-3) ^^^s S L U oftmportfnceTo ,1 |he < un^erflan^ine C of i th^ J h nd Ille | l efec| i 0 n of CF, (x 
reaC " Ve '° n e ‘ Chme TheSe r “ di - ls « known to^comribute 
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frarfsfbrm^ Infrared 'fFTIR^' ^ Se,eCtivity and an 'sotropy of etching. In this study, Fourier 
radicals in the elert • spectroscopy is employed to observe the absorption band of CF, 
the electronic ground state X'A| in the region of 1233 - 1270 cm' 1 . 

ODtica| S ben^h a ic C e° f ^ e * penmental setu P j s shown in Figure 5. A Nicolet Magna-IR 560 FTIR 
Drovides rn r' mP ^ n ° nmtrusive infrared absorption measurements. This FTIR system 
mrnmet , U ° US dy u nam ' C all g nment for exceptional long-term spectral stability interactive 
parameter selection with instantaneous feedback of changes to scanning velocity Sa ea ^in and 

SSrSS.St re 1 al time SyS, r , diag "° sli - Tb <= Magna-m^oa w!iicK 8 has 8 a nxed 

a refW 25 cm • c ° nsists of an IR l>ght source, a potassium bromide (KBr) beam splitter 

HgCd? a " d a liquid ni.rogen cooled. ffX 

from the infrareTsoLI 11 ^ 16 ' A " dUt ° mated - conUn »ous\y variable aperture optimizes energy 

purged ni .ctir h b Und senous interference in the absorption spectra. A dry air 

The" facility is If 6 JS ^ co ” duit for IR hght between the optical bench and the GEC Cell 

within the next fundiVpS ' U " d " ” PeC ' '° begi " ' esting lhe ir| - situ mR 


5, UV Absorption Spectroscopy 

Whir'ho.n e d '? ls ,f e,ch chem ™nes have strong ultraviolet absorption signatures 

radical conremrat ions and “' travlole, . abso, P' i °" spectroscopy. The quantitative measurement of 

descriL “he kine cs of I * he,r . s P a * ,al dlst " t) "tions provide a test of theoretical models that 

performance Durinc this 7 d, * harges and ,heir “ bil »y '» Pfedicl the overall reactor-scale 
p tormance. During this grant period, we have carried out preliminary feasibility studies related 

to the quant, tattve detection of methyl radicals (CH : .) and difluorocarbene radicals (CF.) which 

n iowtelVm RF C r ‘TT ° f m « ha "' (CH <> a " d leIra ^„°romsuhane '(CFD 

el 7o„ he rldve, , 1 “ 7 de ' eC ' i0n method em P lo ^ d ia '*«* experiments 

el.es on the relat.vely well studied, ultra-violet absorption bands of methyl near ? 16 nm 

featureless '"as the ^ ^ electronic transition. This transition is generally 

featureless, as the upper state .s pre-d.ssociated. The absolute absorption coefficient and its 

emperature dependence have been previously measured [1, 2J. The CFo detection method 
employed uses the less studted. ultra-viole, absorption bands near 240 nm co mespoZ To “ 

audv lhe ra ,7|T ,S 'h 0n 131 Tl “ r ,7 V ' br0 "' C slruc,l,re for lhis transition is not resolved in this 
249 8nm |4| rP "°" ^mcient has been previously estimated at a wavelength of 

f USC ° f broadband u| traviolet absorption measurements as a relatively simple novel 

Zr, CVDe n „v“ Ve r kS °o me,hyl radiCal -"“'“'if" i" tow pressure 3 discharges and 
ermal CVD environments was first reported by Childs, e/ a! [5J. In the application of this 

gnos ic, a right source of broadband ultraviolet emission of intensity I 0> , centered about the 

z:z g l: ’[ m T- r direc,ed ,hrough a p,asma “"' aiai "s c H y . ^«u % « 

entrat.on n cm (or « CF: ) that is assumed uniform along the line-of-sight. The Beer-Lambert 
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law is used to extract the column density, n C niL, which is the product of methyl number density 
and discharge path length along which the intense ultraviolet beam traverses: 


n ct1 yL - 


X CH 3 PL 

k B T 


_L 



( 1 ) 


Here, A B is the Boltzmann constant, T is the temperature, l K is the transmitted ultraviolet bean 
intensity, and is the temperature-dependent spectral absorption coefficient for the transition. 
In Eqn.l, the methyl density is also expressed in terms of the methyl mole fraction, Xcti 3 * where 
the total discharge pressure is P. The spectral absorption coefficient for the X( 2 A 2 ") ~^B( 2 A,') 
electronic transition and its temperature dependence at peak absorption, 216.4 nm, has been 
measured by Davidson, et al [1,2], and is given here as: 


k k = 1.47x 10 5 r~' exp(- 771675) (atm'W 1 ) (2) 


where T is the temperature in Kelvin. More recently. Kumaran. et al [4], have estimated the 
spectral absorption cross section, o>, at 249.8 nm for the X — electronic transition in CF-> to be: 


o A - 2.26x 10~ 18 


(cm 2 ) 


(3) 


This cross section corresponds to an absorption coefficient of: 


k } = 1.64x 10 J T 1 


(atrn 'em' 1 ) 


(4) 


where again, T is the temperature in Kelvin. The temperature dependence of the absorption 
coefficient given here for CF 2 arises directly from the conversion, as no temperature dependence 
for the cross section is given in Ref. 4. 

A schematic of the UV absorption experimental facility, as seen from above is shown in 
Figure 6. Broadband ultraviolet emission from an ultra-stable deuterium lamp (Oriel, Model 
63162) is imaged, with a magnification of 0.3 using a 100mm focal length lens, onto a plane 
intersecting the center of the plume. The lamp emission is then re-imaged with a magnification 
of 2 (again using a 100 mm focal length lens) onto the entrance of a UV-grade silica optical fiber. 
The fiber caries the radiation to the 10 jam-wide entrance slit of compact linear CCD-array 
equipped spectrometer (Ocean Optics Model PC 1000) having a 0.3 nm spectral resolution and 
sensitive to the 200-380 nm region of the UV-visible spectrum. 

Scans are acquired using an interface software driver developed by the manufacturer. The 
spectrometer is capable of performing on-board dynamic averaging to a maximum 30 scans. An 
unlimited number of static averaging of spectral scans can be achieved by user-driven software 
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commands. On-chip spectra! integration (per scan) can be set over the ramie of approximately 
10-4000 msec. 

A typical series of transmission spectra taken in a pure CH 4 ICP discharge over a wavelength 
range between 210 and 221 nm is shown in Figure 7. In this example, the coil power was varied 
between 75 and 500 W, the lower electrode power was 40W, the CH 4 flow rate was 23 seem, and 
the chamber pressure was 40 mTorr. In this example, the spectra are internally processed by the 
spectrometer driving software to subtract dark noise (from a spectrum taken with the fiber 
blocked), and to divide each spectral scan by the background reference spectrum (taken with the 
discharge off). The total duration of the acquired data was approximately 3 minutes. We see that 
there is a clear evidence of methyl absorption centered at approximately 216 nm, the strength of 
which varies with coil power. The methyl concentration (path averaged) is estimated using an 
assumed optical path length of 10 cm, the size of the visible plasma. The inferred variation in the 
path-averaged methyl concentration with power is shown in Figure 8. 

Typical transmission spectra taken in a CFVAr discharge over a wavelength range between 
230 and 290 nm is shown in Figure 9. For this example, the lower electrode power was at 90W 
and the coil power was either off, or set at 150W. Features attributed to CF 2 absorption are 
identified. Assuming a temperature of 300K and an optical path length of 10 cm, an estimated 
CFt path-averaged number density of 5 x 10 1 " cm is obtained with the coil powered. A 
refinement of the UV absorption diagnostic for fluorocarbon discharges will continue in the next 
grant period. 


6. Compensated Langmuir Probe Diagnostics 

Knowledge of key plasma parameters, such as electron/ion number density, electron 
temperature, and electron energy distribution (EEDF) is required to develop an understanding of 
the physics and chemistry of plasma etching. Langmuir probes are widely used for the plasma 
characterization, since no other single measurement technique can provide quantitative 
information on species number densities, temperatures, plasma potential, and electron energy 
distributions simultaneously. In addition, it is relatively inexpensive and straightforward to 
implement. In RF plasmas, however, compensation of the probe is needed to account for the 
time-varying plasma potential. The compensation is achieved by designing a parallel resonance 
circuit into the probe. With such a circuit, the impedance to the rf signal is large, and the probe 
tip is therefore driven at the local plasma potential. An applied dc potential is thus superimposed > 
on the floating rf potential, and the variation in this dc potential maps out the V-I characteristics 
of the probe. Note, however, that this V-I characteristic reflects the time-average plasma 
properties in the vicinity of the probe tip. A recent study of the use of such compensated probes in 
an ICP source built onto a GEC reference cell shows that the electron density derived from these 
probes for a pure argon plasma compare favorably with measurements made using microwave 
interferometry [6]. Measurements of plasma properties using compensated probes have also been 
made in rf discharges of other noble and non-reacting gases [7]. Only recently, however, have 
attempts been made to measure plasma properties in reacting gases such as CH 4 , CF 4 , and CHF,. 

In such gases, contamination of the probe tip, and the lack of a suitable ground reference (as the 
reactor walls become coated) makes the interpretation of such measurements tenuous. 

During this first phase of the research, we have designed and fabricated a compensated 
Langmuir probe, and have performed a preliminary characterization of pure argon ICP plasmas 
(with a grounded lower electrode). Examples of the plasma properties derived from this probe are 
shown in Figures 10-12. These measurements are in relatively good agreement with those 
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obtained previously [6J. An extensive data set on pure argon plasmas as well as molecular 
plasmas will be collected during the next phase of this program. 

Summary 

During this grant period, we have instrumented the GEC discharge cell with a variety of 
optical and probe diagnostics, including FTIR and UV absorption. Mass Spectrometry, and 
Langmuir probes. Preliminary measurements have been made in both non-reactive and reactive 
gas discharges, and results have been reported at international conferences. During the next grant 
period, a refinement of all of these measurement methods will be made, and extensive 
characterization of plasma chemistries of interest to the etch plasma community will be carried 
out. In addition, during the next grant period, the development of a new microwave diagnostic 
will be investigated. 


Conferences Papers Presented 


“Langmuir Probe Measurements in an Inductively Coupled GEC Reference Cell Plasma.” J.S. Ji. 
J.S. Kim, M.A. Cappelli. and S.P. Sharma.” 51 s ' Annual Gaseous Electronics Conference, 
American Physical Society, Maui. HI. October 19-22, 1998. See also Bull. Am. Phvs Soc 43 

i n i i nno J ' 


Ion Energy Distributions and their Relative Abundance in Inductively Coupled Plasmas.” J.S. 
Kim. M.V.V.S. Rao. M.A. Cappelli. and S.P. Sharma.” 5 I s1 Annual Gaseous Electronics 
Conference. American Physical Society, Maui. HI, October 19-22, 1998. See also Bull Am 
Phys. Soc. 43. 1426. 1998. 

CH3 and CFx Detection in Low Pressure RF Discharges by Broadband Ultraviolet Detection 
Spectroscopy.” M.A. Cappelli. J.S. Kim. and S.P. Sharma.” 51 s ' Annual Gaseous Electronics 
Conference. American Physical Society, Maui. HI, October 19-22. 1998. See also Bull Am 
Phys. Soc. 43. 1459, 1998. 
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Figure 1. Schematic of the experimental facility, including 
the diagnostics capabilities that were developed during this 
grant period. 




















o a> ® to w ■>* 


jUjo/vuj 'KOy uO| 


<u 

X> 

£ 

co 

x: 

o 

C3 

E 

C/5 


JO 

T3 

o- 

QJ 

T3 

x: 

C 

4— » 



O 

c: 

00 


C/5 

*-4—* 

. <— i 

g 

OJ 


T3 

cO 

O 

> 

Vn 
4— » 

X 

o 

<D 

D 


C 

V-I 

r-> 

<u 

5 

£ 

o 

J 

ri 

a> 

U. 

<D 

u- 

D 

C/5 

13 

c/5 

00 

<D 


1— 

£ 

CX 


CD 

00 


C3 



A» ‘A6*»U3 uo| uwn £3 C/5 

00 <U 

E £ 





PC Plug-In Fiber Optic 
UV Spectrometer 



Figure 6. UV Absorption Setup 
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Figure 7. Methyl absorption spectra at various coil Figure 8. Methyl concentrations at various coil 

powers. Pressure = 40mTorr, methane flow rate powers. Pressure = 40mTorr, methane flow rate 

= 23 seem, lower electrode power = 40W = 23 seem, lower electrode power = 40W 
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